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Quantum eets in atomially perfet speular spin valve strutures
J.M. Teixeira, J. Ventura, Yu.G. Pogorelov, and J.B. Sousa
IFIMUP and Departamento de Físia, Universidade do Porto, R. Campo Alegre, 687, Porto, 4169, Portugal
A simple tight-binding theoretial model is proposed for spin dependent, urrent-in-plane trans-
port in highly oherent spin valve strutures under speularity onditions. Using quantum-
mehanially oherent and spatially quantized Fermi states in the onsidered multilayered system, a
system of partial Boltzmann kineti equations is built for relevant subbands to yield the expressions
for ondutane in parallel or antiparallel spin valve states and thus for the magneto-ondutane.
It is shown that speularity favors the magnetoresistane to reah its theoretial maximum for this
struture lose to 100%. This result is pratially independent of the model parameters, in partiular
it does not even need that lifetimes of majority and minority arriers be dierent (as neessary for
the quasilassial regimes). The main MR eet in the onsidered limit is due to the transformation
of oherent quantum states, indued by the relative rotation of magnetization in the FM layers.
Numerial alulation based on the spei Boltzmann equation with an aount of spin-dependent
speular reetion at the interfaes is also performed for a typial hoie of material parameters.
PACS numbers: 75.10.Hk; 75.30.Gw; 75.70.Cn; 76.50.+g
I. INTRODUCTION
Fabriation of novel nanostrutured spintronis devies
and the related experimental studies of spin-dependent
eletron transport stimulate new theoretial approahes
to the physial properties of nanosystems where quan-
tum oherene eets an have a deisive role, in ontrast
to the mostly quasilassial framework of the traditional
eletronis. One important lass of suh systems on-
erns spin valves [1℄ formed by two ferromagneti (FM)
layers separated by a thin non-magneti (NM) spaer.
The magnetization of one of the FM layers (alled pinned
layer) is xed by the bias from underlying antiferromag-
neti (AFM) layer, while the magnetization of the other
FM layer (free layer) easily rotates when a small mag-
neti eld is applied. This signiantly aets the in-
plane ondutane, leading to relatively high MR values,
typial for giant magnetoresistane (GMR) [2℄, but the
tehnology still demands further improvements. One of
them onsists in the introdution of nano-oxide layers
(NOL's) just above the free layer and inside the pinned
layer (so that the pinning is not disrupted) [3℄. Suh
NOL-equipped devie, the so alled speular spin valve
(SSV, Fig. 1b) an more than double the GMR ratio of
simpler staks (Fig. 1a). The inrease of MR is believed
to arise from the speular reetion of eletrons at the
FM/NOL interfaes.
But, besides the evident eet of arriers onnement,
the redued normal-to-plane sale d of magneti layers
(few nm thikness, ontrolled within a 1 Å preision)
might allow for a pronouned quantization of the nor-
mal omponent of quasi-momentum, as already indiated
by the reent data on spin-resolved eletroni reetion
from magneti nanolayers [4℄, [5℄. Furthermore, it is ex-
peted that the relevant modes at the Fermi level for eah
polarization are dramatially restrutured when the mu-
tual polarization of magneti layers is hanged. All this
an qualitatively hange the kinetis of spin-dependent
transport, ompared to the usual diusive senario for a
bias layer
NM capping
NM
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Figure 1: Shematis of spin valve strutures: a) ommon and
b) speular.
quasi-ontinuous spetrum [6℄. However, the mirosopi
understanding of eletron speular interfae reetion is
still far from omplete, in partiular its role in size quan-
tization and oherene of Fermi states. Here we propose
a theoretial desription of these eets, through a prop-
erly modied Boltzmann kineti equation, taking into
aount the formation of transverse-quantized eletroni
subbands and spin-dependent speular reetion at the
interfaes within the simplest tight-binding model, easy
enough to advane up to numerial alulations of the
MR behavior.
II. MODEL
Let us begin from a single metal layer, made of n
atomi planes with simple ubi lattie oordination and
hopping integral t between nearest neighbors at distane
a. The respetive eletroni spetrum for given spin po-
larization σ =↑, ↓ and planar quasimomentum k onsists
of n subbands of the form εα,k,σ = εk + ∆σ + δα (Fig.
2). Here εk = 2t (2− cos akx − cos aky) is the 2D disper-
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Figure 2: Sketh of the dispersion laws (along the diagonal
kx = ky = k⊥ of 2D Brillouin zone) in spin-splitted and spa-
tially quantized subbands of a magneti nanolayer. The ir-
les indiate Fermi momenta for partiular (minority spin)
subbands and the related Fermi veloities vα orrespond to
the slopes of dispersion laws.
sion law for a single plane, and in a ferromagneti metal
it is aompanied by the Stoner energy shift ∆σ = ±∆
for minority and majority spins respetively. The spa-
tial quantization is aounted for by the subband shifts
δα (α = 1, . . . , n) whih are the eigenvalues of the n× n
seular equation
∣∣∣∣∣∣∣∣∣
δ t 0 . . . 0
t δ t . . . 0
. . . . . . . . . . . . . . .
0 . . . t δ t
0 . . . 0 t δ
∣∣∣∣∣∣∣∣∣
= 0 (1)
with exat values δα = 2t cos [πα/(n+ 1)]. The wave
funtion for the α,k, σ state, at the planar position r
in the j-th plane, is ψα,k,σ(r, j) = A
(α)
j e
ik·rχσ, where
the omponents of the n-dimensional eigenvetor A(α)
related to the eigenvalue δα are expliitly given by
A
(α)
j =
√
2
n+ 1
sin
παj
n+ 1
, (2)
and χσ is the spin funtion.
Next the model is extended to inlude the hopping
t′ between the neighbor FM and NM layers, hybridiz-
ing the subbands of the free FM layer (omposed of nf
atomi planes) εfα,k,σ, of the NM spaer (omposed of
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Figure 3: Energy band struture in the trilayered system.
All the modes are doubly degenerate and the relevant modes
at the Fermi level are marked with irles. Inset: spatial
omposition of atomi planes forming the sets Jf,s,p in f -, s-,
and p-layers.
ns planes) ε
s
α,k (with ∆ = 0), and of the pinned FM
layer (np planes) ε
p
α,k,σ. We shall denote the respe-
tive eigenvetors (for the unoupled layers) by F (α), S(α),
and P (α), with the omponents given again by Eq. 2
for n = nf , np, ns, while the notation M
(α)
is adopted
for the eigenvetors of the oupled system. The spe-
ularity eet in this approah is modeled by zero ou-
pling of the FM layers to their outer neighbors. The
resulting spetrum totals up to nt = 2(nf + ns + np)
spin-resolved modes with energies εα,k and wave fun-
tions Ψα,k(r, j) = M
(α)
j e
ik·rχσ(α), where α = 1, . . . , nt
and σ(α) is the impliit polarization of α-th mode (Fig.
3). We emphasize that from the total of nt modes, only
a smaller number, nr, of modes, those present on the
Fermi level, are relevant for ondutane. Thus, for the
harateristi ase of FM Co layers, only minority spin
subbands should take part in the transport (as suggested
by the bulk Co band struture [9℄). Moreover, we have
to take into aount the sizeable dierenes in the orre-
sponding Fermi veloities vα (pratially oinident with
those in the unoupled layers, Fig. 2). The most es-
sential eet of hybridization is on the amplitudes M
(α)
j
whih are generally some weighted ombinations of all the
F, P, S modes, and the ruial point is that the weights
of F, P omponents in the relevant modes are strongly
dependent on the mutual polarization of FM layers (see
below).
Then the kinetis of the omposite system is desribed
by the set of nr distribution funtions fα,k = f
(0)
α,k + gα,k
where f
(0)
α,k =
[
eβ(εα,k−εF) + 1
]−1
is the usual equilibrium
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Figure 4: Congurations of Fermi lines for spatially quantized
subbands of minority eletrons in the Brillouin zone. The
harateristi points along high symmetry diretions ΓM and
MX were used to approximate the averages of v−1α and v
2
α.
Fermi funtion with β = 1/kBT and gα,k is the non-
equilibrium part due to the external eletri eld E. The
urrent density is given by the sum
j =
e
na
∑
α
′
∫
dk
(2π)2
vα,kgα,k, (3)
where
∑′
means summation over the nr relevant modes,
vα,k = h¯
−1∂εα,k/∂k is the eletron veloity, and the
omponents of the non-equilibrium distribution are de-
ned from the system of Boltzmann equations:
eE
h¯
· ∂f
(0)
α,k
∂k
+
∑
β
′′
∫
a2dk′
(2π)2
ωβ,k
′
α,k (gβ,k′ − gα,k) = 0. (4)
Here
∑′′
means summation over relevant modes with
onserved spin, σ(α) = σ(β), and ωβ,k
′
α,k is the transition
rate due to sattering from k state of α-th subband to
k′ state of β-th subband. We onsider transitions only
due to elasti sattering by random point-like impurities
with potential V and onentration c≪ 1 (per unit ell).
Then the Fermi Golden Rule transition rates are ωβ,k
′
α,k =
Ωα,βδ (εα,k − εβ,k′) with the sattering fators (averaged
in impurity positions)
Ωα,β =
2πcV 2
h¯n
∑
j
∣∣∣M (α)j M (β)j
∣∣∣2 . (5)
In this simple model, the rst term in the ollision
integral of Eq. 4 turns out to be proportional to
∫
dkgβ,kδ (εF − εβ,k), that is to the average of the non-
equilibrium distribution over the Fermi surfae and so it
should vanish. Then the solution takes the ommon form
gα,k = h¯
−1ταeE · ∂f (0)α,k/∂k where the relaxation time for
the α-th mode is dened by
τ−1α =
∑
β
′′
ρβΩα,β , (6)
inluding the Fermi densitiy of states ρβ =
(a/2π)2
∫
dkδ (εβ,k − εF) for eah β-th mode. Then
the total ondutivity is found from Eq. 3 as a sum of
partial ontributions:
σtot =
∑
α
′
σα, σα =
e2ταρα
〈
v2α
〉
na3
, (7)
where
〈
v2α
〉 ≈ ρ−1α (a/2π)2 ∫ dkv2α,kδ (εα,k − εF) is the
average of the respetive squared Fermi veloity. In fat,
this is a partiular ase of the general Landauer formula
[10℄, written for the present system of nr oherent quan-
tum hannels.
The system, Eqs. 1-6, an be routinely treated by nu-
merial methods at any relative orientation of magnetiza-
tions in f - and p- layers, from parallel (↑↑) to antiparallel
(↑↓), to result in the prinipal quantity of interest, the
magnetoresistane
∆R
R
=
σ↑↑tot
σ↑↓tot
− 1 =
∑
α
′
ρα
〈
v2α
〉
τ↑↑α∑
α
′
ρα 〈v2α〉 τ↑↓α
− 1. (8)
But some qualitative onlusions about the speularity
eet on MR in a nanolayered devie an be drawn al-
ready from simple inspetion of the disrete struture of
the amplitudesM
(α)
j , aording to the following remarks.
First of all, we suppose that in absene of hybridization
the majority and minority subbands are well separated
from eah other and from the spaer subbands (like the
situation in bulk Co and Cu). Then we notie that the
j-ongurations of the above amplitudes are essentially
dierent for ↑↑ and ↑↓ ases and hene onsider them
separately. Finally, an important fator for the very ex-
istene of GMR (in this quantum oherent ondutane
regime) is the presene of ertain "resonanes" between
relevant modes at the Fermi level. Namely, a resonane
appears between two (unhybridized) modes εfα,k,σ and
εpβ,k,σ if their energy separation near the Fermi level is
less then the eetive oupling ∼ t′2/εs (mediated by the
spaer modes at typial energy distane εs, see Fig. 3).
Moreover, for the sake of larity, we shall restrit the fol-
lowing onsideration to the simplest situation of idential
f - and p-layers where all nf = np modes are relevant and
an form resonant fp-pairs.
Thus, in the ↑↑ onguration, there appears a strong
hybridization in eah Fα, Pα pair, forming two olletive
4modes as their bonding and anti-bonding ombinations
(in neglet of small ontributions ∼ t′2/ (εs∆)≪ 1 of the
rest of the modes):
Mα,±j ≈
1√
2


Fαj , for j ∈ Jf ,
0, for j ∈ Js,
±Pαj , for j ∈ Jp,
(9)
where Jf,s,p are the sets of atomi planes entering f -,
s-, and p-layers (see inset in Fig. 3). The respetive
relaxation times are given by
(
τ↑↑α,±
)−1
≈ πcV
2
2h¯n
∑
β
′′
ρβ
×

∑
j∈nf
∣∣∣Fαj F βj
∣∣∣2 + ∑
j∈np
∣∣∣Pαj P βj
∣∣∣2

 . (10)
Then we an use the exat sum rule for the amplitudes,
Eq. 2:
n∑
j=1
(
Aαj A
β
j
)2
=
1
n+ 1
(
1 +
δα,β + δα,n+1−β
2
)
, (11)
to present the relaxation times, Eq. 10, as
τ↑↑α,± ≈
h¯n
2πcV 2
∑
β
′′
ρβ
. (12)
Contrariwise, in the ↑↓ onguration, all the relevant
modes remain almost unhybridized, taking nearly "loal"
forms:
Mα,fj ≈
{
Fαj , for j ∈ Jf ,
0, for j ∈ Js ∪ Jp,
Mα,pj ≈
{
0, for j ∈ Jf ∪ Js,
Pαj , for j ∈ Jp, (13)
and in this approximation we obtain for the relaxation
times τ↑↓α,i half the value of Eq. 12. Then the magnetore-
sistane, Eq. 8, is readily estimated as ∆R/R ≈ 100%.
We notie that this result is pratially independent of
the parameters of interlayer oupling and impurity sat-
tering, in partiular it does not even need that lifetimes
of majority and minority arriers be dierent (as ne-
essary for quasilassial regimes). The main MR eet
in the onsidered limit is due to the variation of oher-
ent quantum states, indued by the relative rotation of
magnetization of the FM layers.
III. NUMERICAL CALCULATIONS
To ertify the above qualitative onsiderations, a de-
tailed numerial alulation was done for the partiular
10−7 × Ωα,β (W)
β = 1 β = 2 β = 3 β = 4
α = 1 ↑↑ 0.5175 0.3431 0.3417 0.5151
↑↓ 1.0347 0.6857 0.6824 1.0287
α = 2 ↑↑ 0.3431 0.5118 0.5097 0.3415
↑↓ 0.6857 1.0224 1.0175 0.6818
α = 3 ↑↑ 0.3417 0.5097 0.5077 0.3402
↑↓ 0.6824 1.0175 1.0127 0.6786
α = 4 ↑↑ 0.5151 0.3415 0.3402 0.5127
↑↓ 1.0287 0.6818 0.6786 1.0228
Table I: Sattering fators (Ωα,β) for the Fermi modes (α, β =
1, 2, 3 and 4) in the parallel (↑↑) and antiparallel (↑↓) ong-
urations.
α 1 2 3 4
1019ρα(J
−1) 0.209 0.2439 0.3238 0.5517
1010〈v2α〉(m
2/s2) 0.7431 2.2595 2.9334 2.6008
10−12τ↑↑α (s) 1.7018 1.8157 1.823 1.7094
10−12τ↑↓α (s) 0.8515 0.9091 0.9133 0.8563
Table II: The Fermi density of states ρα, averages of squared
Fermi veloities 〈v2α〉 and relaxation times τα for the Fermi
modes (α = 1, 2, 3 and 4) in the parallel (↑↑) and antiparallel
(↑↓) ongurations.
hoie of parameters: t = t′ = 0.25 eV, ∆ = 0.5 eV,
εs = 2 eV (a single-band model for real d -bands of Co
and Cu), nf = np = 4, ns = 3 (a simple disrete stru-
ture of layers), and V = 0.5 eV, and c = 0.01 (typial
impurity parameters). The Fermi veloities (and their
inverse values) for two harateristi diretions in Bril-
louin zone were used to approximate the partial densities
of states
ρα ≈ a
2Lα
8π2h¯
(
1
vα,ΓM
+
1
vα,MX
)
,
(Lα being the length of respetive Fermi line, Fig. 4),
and then 〈v2α〉 ≈ vα,ΓMvα,MX . The obtained numerial
results for Ωα,β, ρα, τα, and 〈v2α〉 are illustrated in tables
I and II, respetively, for the ↑↑ and ↑↓ ongurations.
These numerial values lead to ≈ 99.65% of magnetore-
sistane, that is quite lose to the maximum possible MR
= 100% in the oherent regime. To ompare with, for
purely inoherent urrents there will be no MR at all
in suh two-layer system, so that the nite eet only
appears from their partial mixing due to sattering at
the interfaes [6℄ and is estimated phenomenologially as
∼ exp (−d/ℓ) of the above maximum value.
Atually, the experimental MR values in speular spin
5valves [11, 12℄ are learly lower than the above model esti-
mates. This an be due to a number of important fators,
not inluded into the present simple model (whih there-
fore should be onsidered as a ertain idealized referene
ase). First of all, the postulated ideal speularity ondi-
tion (supposing the wave funtion fully onned within
the n-plane system) annot be exat in reality, and a
onsiderable part of the eletroni density an "esape"
through the NOL barriers to adjaent non-magneti (or
AFM) layers. This part would at as a parallel on-
dution hannel, mostly unhanged at reorientation of
FM eletrodes and hene restriting the magnetoresis-
tive eet. Also, the used model of rigid Stoner shifts of
spin subbands in FM eletrodes of ourse overestimates
sharpness of the spin-dependent energy barrier between
these eletrodes, where in fat the band strutures are
not uniform on sales of few atomi layers. Other re-
stritive fators are the temperature eet (by phonons
and magnons), the roughness in the FM/NM interfaes
and the presene of defets as grain boundaries, dis-
plaements and distortions in the rystalline struture,
whih all redue the oherene of relevant quantum states
and so the validity of the Landauer formula. At last,
the single-band model may be oversimplied, ompared
to the real hybridized s-d band strutures of transition
metals used in various numerial studies of spin-valves
[13, 14, 15℄, but it would be rather problemati to keep
the analyti desription at suh detailed level. Neverthe-
less, a further development within the present model an
be done, varying the number nr of relevant modes and
admitting the presene of both spin polarizations among
these modes.
IV. CONCLUSIONS
A simple single-band tight-binding model was devel-
oped to estimate theoretially the maximum possible en-
hanement of GMR in the system of quantum oherent
FM nanolayers, using a spei set of Boltzmann equa-
tions for spatially quantized and spin-resolved subbands
and a Landauer-type formula for the spin-dependent on-
dutane. It is shown that a limit GMR value lose to
100% an be reahed for a fully oherent (and fully spe-
ular) SSV nanostruture and the reduing fators for this
value in real SSV systems are disussed.
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